Abstract The plasma membrane transporters for the neurotransmitter glutamate belong to the solute carrier 1 family. They are secondary active transporters, taking up glutamate into the cell against a substantial concentration gradient. The driving force for concentrative uptake is provided by the cotransport of Na + ions and the countertransport of one K + in a step independent of the glutamate translocation step. Due to eletrogenicity of transport, the transmembrane potential can also act as a driving force. Glutamate transporters are expressed in many tissues, but are of particular importance in the brain, where they contribute to the termination of excitatory neurotransmission. Glutamate transporters can also run in reverse, resulting in glutamate release from cells. Due to these important physiological functions, glutamate transporter expression and, therefore, the transport rate, are tightly regulated. This review summarizes recent literature on the functional and biophysical properties, structure-function relationships, regulation, physiological significance, and pharmacology of glutamate transporters. Particular emphasis is on the insight from rapid kinetic and electrophysiological studies, transcriptional regulation of transporter expression, and reverse transport and its importance for pathophysiological glutamate release under ischemic conditions. In the brain, glutamate transporters are expressed in neurons and in astrocytes [89, 143] . One of the major functions of the transporters in the brain is the removal of released glutamate from the synaptic cleft (reviewed in [35] ), as well as the initiation of the recycling cascade (glutamate-glutamine cycle; Fig. 1b) , which eventually restores released glutamate in synaptic vesicles [24]. Because of this central role in glutamatergic signaling, it is not surprising that glutamate transporter malfunction has been implicated in a number of nervous system diseases, ranging from Alzheimer's disease [121] to neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) [163] , and also conditions brought about by oxygen deprivation, such as stroke [176] .
The SLC1 transporter family
Glutamate transporters belong to a large class of secondaryactive transport proteins, which use the free energy stored in the transmembrane concentration gradient of co/countertransported ionic species for uphill transport of the specific amino acid substrates. Thus, glutamate transporters are able to generate and sustain glutamate concentration gradients across membranes [227] , which are essential for the functioning of organs such as the intestine [90] , the kidney [11] , and the brain [35, 68] .
In the brain, glutamate transporters are expressed in neurons and in astrocytes [89, 143] . One of the major functions of the transporters in the brain is the removal of released glutamate from the synaptic cleft (reviewed in [35] ), as well as the initiation of the recycling cascade (glutamate-glutamine cycle; Fig. 1b ), which eventually restores released glutamate in synaptic vesicles [24] . Because of this central role in glutamatergic signaling, it is not surprising that glutamate transporter malfunction has been implicated in a number of nervous system diseases, ranging from Alzheimer's disease [121] to neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) [163] , and also conditions brought about by oxygen deprivation, such as stroke [176] .
Five glutamate transporter subtypes that belong to the solute carrier 1 (SLC1) family of transmembrane proteins have been cloned [8, 48, 90, 143, 190] . The first three clones, which were identified almost simultaneously, were named glutamate aspartate transporter 1 (GLAST1 [190] ) and glutamate transporter 1 (GLT1 [143] ) from rat brain, and excitatory amino acid carrier 1 (EAAC1 [89] ) from rabbit small intestine. When the human homologues of these three glutamate transporter subtypes were cloned [9] , a standardized nomenclature was introduced using the acronym EAAT (excitatory amino acid transporter). Based on sequence similarities, EAAT1 is the human homologue of GLAST1, EAAT2 of GLT1, and EAAT3 of EAAC1. In addition, subtypes EAAT4 and EAAT5 were identified, with EAAT5 predominately expressed in the retina. The SLC1 family also contains two neutral amino acid transporters, which share high sequence homology with the EAATs, which are the alanine serine cysteine transporters 1 and 2 (ASCT1 and 2 [206] ). These transporters accept glutamate as a substrate only at low pH, but are otherwise specific for polar neutral amino acids, including the physiologically important glutamine in the case of ASCT2 [25] .
Molecular transport mechanism
Insight into the molecular mechanism of glutamate transport has been obtained through functional studies, as well as through the determination of the structures of the archeal aspartate transporter from Pyrococcus horikoshii , GltPh in different conformations [156, 210, 225] . In addition, molecular dynamics (MD) simulations based on these structures have been valuable in understanding transport mechanism [37, 74, 80, 81, 109, 183, 189] . This section will focus on evidence from functional studies, while structural insight will be discussed in the next section. Transport mechanisms are generally based on the alternating access hypothesis [84] . Such mechanisms assume that the transporter cycles through at least two discrete conformational states, one of them allowing access of substrate to its binding site from the extracellular side, the other one allowing access from the cytoplasm [84] . For Na + -driven secondary-active cotransporters, alternating access is controlled by the cotranslocation of Na + ion(s), which regulate external/internal accessibility of the substrate binding site based on the Na + concentration gradient across the membrane. The postulated kinetic transport mechanism for the mammalian glutamate transporters is illustrated in Fig. 1c .
After cloning of the glutamate transporters, it was immediately recognized that transport is electrogenic, i.e., associated with net charge transport across the membrane [90] . Since external glutamate application to glutamate transporter expressing Xenopus oocytes induced inward current, it was concluded that more than one Na + ion is cotransported with glutamate, to account for the inward movement of positive charge [90] . Detailed studies on the coupling stoichiometry of the transporter subtypes EAAT1-3 later revealed that one glutamate anion is cotransported with three Na + ions and one proton, in exchange for one K + ion leaving the cell [136, 227] (Fig. 1a) . This stoichiometry results in a total of two positive charges entering the cell for each glutamate, consistent with the observed inward current and the Hill coefficients determined from glutamate dose-response curves.
Important insight was obtained by pre-steady-state analysis of transporter function. Here, an existing steady state is rapidly perturbed by changing either the glutamate concentration (or that of one of the co-or counter-transported cations) or the transmembrane potential. Voltage jumps applied to the glutamate-free transporter induced Na + -dependent transient currents that relaxed within the millisecond time scale [213, 218] . These currents were interpreted as caused by Na + binding to the glutamate-free transporter, or conformational changes associated with this binding, as has been demonstrated for other Na + -coupled, secondary-active transporters [116, 117] . Interestingly, transient currents were also observed in the sole presence of K + on both the intracellular and extracellular side of the membrane, indicating that K + binding and/or translocation is/are also electrogenic [72] (Fig. 2b , see Fig. 2a for an illustration of the concept of this single-turnover experiment). However, in contrast to Na + application, the K + -induced transient currents were generated by movement of negative charge within the membrane dielectric, suggesting that negatively Fig. 1 Excitatory amino acid transporter (EAAT) stoichiometry (a) and illustration of the glutamate-glutamine cycle (b) (adapted from [68] ). c Potential multistep kinetic mechanism of glutamate transport charged cation binding sites create the charge movement, rather than the movement of the positively charged cation itself. These results directly indicate the existence of a charge compensation mechanism, in which negative charge of the binding sites overcompensates for the positive charge of the single, bound K + , but only partially compensates for the positive charges of the three cotransported Na + ions [72] . Poisson-Boltzmann electrostatic calculations based on structures of the inward-and outward-facing configurations of EAAT3 homology models yielded a valence of the unloaded transporter of approximately −1.2, which was predicted to be reduced, but not eliminated, by K + association to −0.6. As shown in Fig. 2c , intrinsic charges of the transporter binding sites move substantially within the predicted constraints of the transmembrane electric field (see solid lines in Fig. 2c ), directly suggesting charge movement associated with the conformational change. Based on this limited predicted movement of the charges along the normal of the membrane, partial valencies that are less than unity are expected because the unit charges never fully traverse 100 % of the transmembrane electric field.
Consistent with the charge compensation mechanism described in the previous paragraph, inward charge movement was observed in response to rapid glutamate concentration jumps, with an apparent valence of about +0.45, consistent with Poisson-Boltzmann calculations of the valence of +0.2 to +0.4, depending on the protonation state of the highly conserved D454 residue [72, 132] . Interestingly, transient currents in response to glutamate concentration jumps decay with two exponential components [127, 218] , both of which are also present when the transporter is restricted to access states associated with translocation, in the Na + /glutamate-exchange mode. In the exchange mode, Na + /glutamate concentrations are used that prevent Na + /glutamate dissociation to both the intra-and extracellular solutions while allowing relaxation of the translocation equilibrium. The existence of two exponential components of this relaxation suggests that the translocation process consists of at least two separable steps [127] , consistent with the existence of intermediate/s along the translocation pathway. This intermediate could possibly be an occluded state, as will be discussed in the following section. The significant temperature dependence (activation energies of 100-120 kJ/mol) of these two relaxation processes would be in agreement with conformational changes as the underlying factor [127] .
Overall, functional studies provide evidence for a sequential, multistep transport mechanism, as shown in Fig. 1c , in which substrate/cation binding/release steps are coordinated with conformational changes to allow for the proposed alternating access functionality. Interestingly, voltage dependence appears to be distributed over many different binding/ translocation steps [72, 132] , including Na + dissociation on the intracellular side [230] , resulting in a relatively shallow voltage dependence of steady state glutamate transport, considering the large number of positive charges cotransported with glutamate (3 Na + , 1 H + ). If these charges were transported across the membrane in a single step, transport would be strongly inhibited upon depolarization.
The mechanism of proton cotransport is not fully understood. Structure-function studies indicate that protonation of the transporter occurs at the acidic glutamate side chain in position 373 (EAAC1 numbering) [70] . The proton was Fig. 2 a Concept of the singleturnover K + exchange experiment to determine electrical events associated with K + relocation and/ or binding. b Outward current induced by external K + application (gray bar), due to negative charge of the reorienting binding site(s). c, d Iso-potential planes for hypothesized outwardand inward-facing structures. The protein is shown in blue (slice at the depth of the substrate binding site in the left subunit). Conserved, potentially charged residues are overlaid. D454 is omitted due to the possibility of its side chain being neutral. The figure is adapted from [72] proposed to bind to the empty transporter, before glutamate association [220] . However, the sequence of events with respect to protonation and Na + binding is not known. Therefore, protonation steps have been omitted from the kinetic scheme shown in Fig. 1c .
In addition to charge transport due to electrogenic glutamate movement across the membrane, which is coupled stoichiometrically to glutamate transport, the transporters facilitate anion flux across the membrane [43, 212] . Anion current is kinetically, but not stoichiometrically coupled to glutamate transport [18, 71, 134] . The molecular mechanism of the anion current is as yet poorly understood. It may be mediated by an anion channel [108, 142] or by anion uniport. Anions are conducted at specific steps in the transport cycle (see also Fig. 1c , potential anion-conducting states are indicated by the asterisk [71, 214, 218, 219] ). Therefore, the anion current carried by this conductance is a convenient tool to dissect these specific transporter reaction steps because in the presence of highly permeant anions, such as SCN − , the anion current is much larger than the transport current [17, 43] . Anions are mainly conducted when the transporter resides in Na + -bound states [197, 218] . These are the Na + -bound empty transporter (in the absence of glutamate), which mediates the leak anion conductance, as well as the fully Na + /glutamate loaded state (Fig. 1c) . In a mutant transporter (D439N, EAAC1 numbering), the transported acidic amino acid actually inhibits the anion conductance, as is also found for competitive inhibitors, such as DL -threo-β-benzyloxyaspartic acid (TBOA) [197] . However, in contrast to TBOA, which presumably prevents Na + binding to the TBOA-bound transporter (most likely to the Na2 binding site, [20] ), this site can still be occupied in the mutant transporter, although Na + binding is very slow. This delayed Na + binding step following glutamate binding results in the activation of the anion conductance, leading to the hypothesis that the anion conductance is Na + -gated, but not glutamate gated [218] . In a recent report, an intermediate between the outward-and inward-facing conformations was identified in an asymmetric trimer of GltPh. This intermediate conformation was proposed to represent the anion conducting state [210] . This interpretation is consistent with previous functional analysis, in which the anion conducting states were linked to steps in the glutamate translocation pathway [127, 214, 218] . The requirement for bound Na + for anion permeation is consistent with the large negative electrostatic potential in the transport domain, as evidenced by the negative valence of the Na + -free transporter. Thus, binding of Na + ions has to neutralize some of the negative charge to prevent repulsion of the negatively charged anion.
The physiological importance of the glutamate transporter anion conductance is currently unclear. Possible functions would be that the inwardly directed anion flux balances the inflow of positively charged sodium ions during glutamate inward transport, keeping the membrane potential at a hyperpolarized level that favors Na + entry and glutamate uptake [187] , or by directly influencing neuronal excitability. Thus, glutamate transporters would function as glutamatedependent, inhibitory receptors, counteracting the wellestablished excitatory glutamatergic effects. At least for a retinal glutamate transporter, presumably EAAT5, such an inhibitory function appears plausible because two reports highlight the existence of a presynaptic inhibitory glutamate receptor in retinal rod bipolar cells with pharmacological properties matching those of glutamate transporters, rather than those of other chloride channels [211, 221] . The anion channel function would be consistent with the exceedingly slow activation of the anion conductance, which precludes significant transporter function due to low turnover [55] .
Structure-function relationships and computational analysis
Our understanding of structure-function relationships of glutamate transporters was dramatically improved by the identification of a crystal structure of the archeal glutamate transporter homologue, GltPh [225] . In contrast to the mammalian EAATs, GltPh does not countertransport K + and is insensitive to H + , but the interaction with the organic substrate and Na + ions appears to be surprisingly conserved [73, 167] . In agreement with biochemical studies, the structure shows a homotrimeric assembly of three identical subunits, each harboring substrate and Na + binding sites [20] . Several functional studies have provided evidence that the three subunits operate independently from one another [67, 100, 110] . For example, transport currents from glutamate transporters with a mutant isoform that is sensitive to glutamine instead of glutamate were purely additive in contrast to what would be expected on the basis of a cooperative model [67] , although intersubunit interaction was proposed for EAAT4 [203] . Interestingly, EAAT3 and EAAT4 were found to be able to coassemble as heteromultimers [133] , affecting localization of the heteromeric transporters in epithelial cells.
Each of the three monomers in the functional assembly is comprised of a transport domain and a scaffold domain [20, 21, 225] . Both of these domains consist of an inverted repeat structure (Fig. 3a) , which is not evident from analysis of the amino acid sequence, but which was discovered by analysis of the three-dimensional structure, as it was the case in several other, structurally unrelated, membrane transport proteins (reviewed, for example, in [50] ). The functionally important transport domain is a C-terminal peptide, which is inserted into an N-terminal barrel (scaffold domain) formed by transmembrane domains (TMDs) 1-6 [225] . This C-terminal peptide is composed of two helical transmembrane domains (TMDs 7 and 8) with helix breaks in the central core of the protein, and two reentrant loop structures (RL 1 and 2), which dip into the transmembrane segment of the transporter from opposite sides of the membrane [225] (Fig. 3a, b ). As will be discussed below, these reentrant loops are proposed to function as intracellular and extracellular gates that close off the substrate binding site from the aqueous solution phase.
The substrate and Na + binding sites are located in the Cterminal transport domain. A GltPh crystal structure with the substrate, aspartate, bound shows that the β-carboxylate of the ligand is coordinated by the side chain of the highly conserved R397 residue (GltPh numbering), located in TM8 [20] . This interaction points to a salt bridge stabilization of the bound substrate, as had been suggested based on mutational analysis of the homologous amino acid residue in mammalian transporters, the neutralization of which renders the binding site specific for neutral instead of acidic amino acids [14, 67] . Other amino acid side chains implicated in substrate binding are D394, N401, and T314 (all GltPh numbering).
GltPh was crystallized in complex with two Tl + ions, which were proposed to bind to Na + binding sites, termed Na1 and Na2 (Fig. 3c [20] ). The Na1 site is buried deeply within the membrane. In the crystal structure, the side chain of the highly conserved aspartate residue D405 (GltPh numbering) contributes oxygen ligands to this binding site [20] . However, mutation of the homologous D454 to asparagine had little effect on the affinity of interaction between the mammalian EAAC1 counterpart and Na + [199] and did not significantly affect the kinetics of Na + /glutamate exchange [132] , raising questions about the details of the involvement of D454 in Na + coordination. However, estimations of the pK a value of this aspartate, which is much higher than the pK a in aqueous solution, suggested that the carboxylate may be protonated and, thus, neutral. This could explain why the neutral amide side chain of the asparagine substitution did not result in substantial functional differences versus the wild-type transporter [132] . Alternatively, the D454 to asparagine mutation may affect an Na + binding site other than the one responsible for activating the anion conductance, which was used as a readout for measuring Na + affinity. The Na2 site is formed by the tip of RL2 and the region of TM7, in which the α-helix structure is interrupted [20] . Coordination is mainly through main-chain carbonyl oxygen atoms. Therefore, this binding site is much harder to study by site directed mutagenesis, and, to our knowledge, no structure function analysis has been performed on this site. Since the Na + /glutamate coupling stoichiometry of the mammalian transporters, as well as GltPh [73] is 3:1, it is likely that a third Na + binding site must exist that is not observed in the crystal structure. Two potential binding sites were discussed in the literature, both supported by results from molecular modeling and site-directed mutagenesis, named Na3 and Na3′ (Fig. 3c) . The hypothesized Na3 site is formed by the GltPh T314 side chain, as well as oxygen ligands form the bound aspartate molecule [109] . A direct coordination of Na + by aspartate would explain the observed effects of the nature of the bound cation (Na + vs Li + ) on the affinity and specificity of the transported substrate [124] . The proposed Na3′ site is formed, among other ligands, by the highly conserved aspartate residue 312 (TM7), as well as T92 in TM3 [12, 81] . Mutation of both of these homologous residues in mammalian EAAC1 results in drastic reduction of the apparent Na + affinity of the transporter [198, 199] . MD simulations also provide strong evidence for the existence of the Na3′ site, as Na + was found to be highly stable in this site in long-time range MD simulations [81, 132] .
GltPh was first crystallized in an "outward-occluded" state, in which the substrate is occluded by a closed external gate, but the aspartate binding site is close to the extracellular solution [225] . Substrate movement then occurs by a large structural change of the transport domain, which brings the substrate binding site closer to the intracellular solution, in the background of relatively small motions of the scaffold domain ( Fig. 3b) [34, 156] . This structural change of the transport domain is remarkably analogous to traditionally proposed carrier models, with a motion that has been described as "elevator-like" [160, 184] because the bound substrate moves up and down along the bilayer normal, like an occupied elevator would move between two stories of a building (Fig. 3b) . Direct evidence for this motion comes from an "inward occluded" crystal structure [156] . The inward occluded conformation, in which the binding site is close to the intracellular solution, but the substrate is locked in by the internal gate, was stabilized by Hg 2+ cross-linking of residues K55C and A364C, which have been previously found to be close in space by functional cross-linking studies of a homologous mammalian transporter [168] . Simultaneously, the general features of the inward occluded conformation were captured by symmetry-based homology modeling of each domain of the transporter, based on the structure of the sequence-and structure-related inverted domain [34] . Evidence for collective large-scale, global motions of the transport domain was also obtained from computational analysis using normal mode computations [88] . Finally, electron paramagnetic resonance spectroscopy provided evidence for heterogeneity of transporter conformations [77] .
Recently, a third conformational state was identified, in which the transport domain appears to adopt a configuration in-between the outward-and inward-occluded states [210] . This configuration may represent an intermediate on the translocation pathway, which has also been postulated based on MD simulations [189] . Single molecule analysis based on fluorescence resonance energy transfer in GltPh trimers specifically labeled with fluorescence dyes revealed the existence of quiescent periods interrupted by bursts of transitions between inward-and outward-facing states [3] . This behavior was explained by assuming that the structurally observed intermediate state represents a configuration, in which the transport domain has become dislodged from the scaffold domain. This transition may be slow, occurring on the minute timescale, while the translocation of the dislodged transport domain may be fast [3] . It should be noted that two phases of the current relaxation were observed in transient kinetic experiments on mammalian glutamate transporters [218] . It is possible that the slow phase of these currents represents the proposed dislodging event, although it occurs several orders of magnitude faster than the slow phase observed in the GltPh single molecule studies. However, since the turnover rate of mammalian transporters is about 5,000-fold faster than that of GltPh [3, 71] , it would not be surprising that such individual reaction steps are also dramatically faster in the mammalian transporters.
Overall, the following picture emerges from structural and computational analysis: In the apo-form of the transporter (no substrate/ions bound), the extracellular gate (RL2) is open to the extracellular side, allowing access of the substrate to the binding site [80, 81, 183] . Before the substrate binds, either one or two Na + ions associate with the transporter, presumably at the Na1 and the Na3′ sites [81, 99, 218] . In the next step, glutamate binds, resulting in closure of the external gate (RL1). Once RL1 is closed, the Na2 binding site is formed, which then is occupied by binding of extracellular Na + . Once the fully loaded complex is formed with RL2 closed (outward occluded state [20] ), the elevator-like motion of the transport domain is facilitated, which, possibly through intermediates, results in formation of the inward occluded form [156, 200] . Once the internal gate (RL1) opens, possibly driven by dissociation of Na + from the Na2 site, the substrate can dissociate, eventually also leading to the release of the remaining Na + ions [37] . It should be noted that crystal structures in the inward-facing apo-form, or in the blocker-bound state are not available. Therefore, our knowledge of the structural dynamics of the intracellular gate is derived only from MD simulations.
The sequence of events described above is remarkably consistent with data from functional studies (mainly electrophysiology), from which the sequence of extracellular binding events was predicted before the structure was known [218] . In addition, pre-steady-state analysis of translocation events with high time resolution directly point to translocation being a two-step process, supporting the structural evidence for the existence of an intermediate on the translocation pathway [127] .
Regulation of glutamate transporter function
Central nervous system (CNS) glutamate transporter activity is not constant, but is subject to regulation, not only during development but also in the adult and aged brain. It appears that glutamate transporters, like other proteins, are modulated on virtually any step of gene expression, from transcriptional initiation, to RNA processing, and to post-translational modifications of the transporter protein. Mechanisms including transcript/protein expression, such as long-term memory formation, generally are time consuming (hours up to days), while synaptic events, or more general, synaptic plasticity, require modulation and interaction of relevant transporters and receptors on a time scale of minutes. Posttranslational regulatory mechanisms of glutamate transporters mediate these rapid modulatory effects (e.g., membrane trafficking, see below), which are the basis of fast synaptic transmission. Several recent reviews highlighted both the slow transcriptional/translational and rapid posttranslational regulatory mechanism acting on glutamate transporters [13, 35, 58, 59, 63, 179] . Here, we provide an update on most recent progress made on transcriptional, translational, and posttranslational regulation of glutamate transporters and will add/ provide recent insights into epigenetic effects on glutamate transporters.
Transcriptional regulation: EAAT promoter studies
Bulk glutamate uptake in the CNS is facilitated by glial glutamate transporters [35, 39, 54, 78, 149, 152, 175] . It has been suggested that glial GLT1/EAAT2 accounts for about 90 % of total glutamate uptake in the brain, and thus, it is considered as the most important glutamate transporter subtype in the CNS [35, 196] . GLT1/EAAT2 is predominantly but not exclusively expressed in astrocytes [54] . During early stages of brain development and in disease GLT1/EAAT2 is also expressed in neurons [35] . A prominent example for neuronal expression of GLT1/EAAT2 in adult and healthy CNS is the mammalian retina [149, 151, 154] . Independent of glial or neuronal expression, however, GLT1/EAAT2 appears to play a significant role in maintaining the physiological functioning of the brain and, thus, is believed to be a major player in acute and chronic brain diseases (for review, see [58, 179] ).
Numerous studies have addressed the mechanisms regulating expression of GLT1/EAAT2 [57, 59, 131, 137, 158, 226] , indicating GLT1 messenger RNA (mRNA) transcription and protein expression is down regulated by the proinflammatory cytokine, tumor necrosis factor α (TNF-α) and endothelins [4, 22, 61, 114, 166, 186, 191] , and upregulated by cyclic adenosine monophosphate (cAMP), epidermal growth factor (EGF), transforming growth factor α (TGF-α), and pituitary adenylate cyclase-activating polypeptide (PACAP) [49, 173, 186, 194, 226] .
In general, little is known about the mechanism underlying transcriptional regulation of the different glutamate transporter subtypes. Early studies on the promoter sequence of glutamate transporters revealed for the mouse GLAST1/Slc1a3 gene 5′-untranslated region with regulatory elements [75] and were initially not successful for the human EAAT2/Slc1a2 gene [126] . Using a sequential progressive genomic scanning cloning approach [191] , Su et al. were able to isolate the putative human EAAT2/Slc1a2 promoter, followed by the identification of the human and rodent EAAT1/GLAST/Slc1a3 promoter sequence [95, 205] , and the GLT1 promoter from rat [5] . A ≈2.5 kb 5′-upstream region, immediately flanking the transcription start site of GLT1/EAAT2, has been identified as putative full-length promoter of GLT1/EAAT2 [5, 191] . Sequence analysis demonstrated the presence of highly conserved regions on both the rat and human GLT1/EAAT2 promoter, which are not only essential for constitutive GLT1/EAAT2 expression but also for EGF, TNF-α, and PACAP-induced transporter transcription. The rat and human promoter sequence of GLT1/EAAT2 share functional and structural similarities highlighted by identical consensus sites for the transcription factors N-myc proto-oncogene protein (nMyc), C/EBP homologous protein (CHOP-C), nuclear factor kappa B/c-rel (NF-κB), cAMP-response element-binding protein (CREB), and Specificity protein 1 (SP-1) [5, 97, 191] . Among these transcription factors, NF-κB is required for both basal GLT1/EAAT2 expression as well as for induced activation or repression of the GLT1/EAAT2 promoter and appears to be the key player in regulating the transcription of GLT1/ EAAT2 [186] . While NF-κB mediates cAMP-, TGF-α-, and EGF-induced GLT1/EAAT2 promoter activation, simultaneous binding of both n-Myc and NF-κB appear to be required for TNF-α-mediated promoter repression. However, a rat GLT1 promoter construct missing the n-Myc and NF-κB consensus sites still mediated TNF-α-dependent inhibition of GLT1 expression in rat, suggesting a remarkable difference of transcriptional regulation between the highly related rodent and human GLT1/EAAT2 promoter regions [5, 186, 191] . In contrast to the structural similarities of the rodent and human GLT1/EAAT2 promoter sequences, the GLAST/EAAT1 promoter region from both species lack sequence homology [95, 205] . Like the putative GLT1/EAAT2 promoter, the fulllength promoters of GLAST/EAAT1 lack well-defined cis-acting elements such as TATA boxes, CCAAT boxes, or initiator elements (Inr). The absence of TATA box or Inr elements in the EAAT promoters identified so far is not unusual. Previously identified core promoter elements including the TATA box and the initiator (Inr) are not present in a large number of genes in the mammalian genome [129, 193, 202] , and it has been suggested that TATA-less promoters regulate tissue-specific genes while TATA-containing promoters drive transcription of ubiquitously expressed genes [129] .
Despite the lack of sequence homology, the GLAST/ EAAT1 promoters from rat and human share various common putative transcription factor binding sites-NF-κB, CART, CEBP, GATA, HAML, MZFI, NKXH, Oct1, SP1, and YY1F-suggesting that constitutive GLAST/EAAT1 expression in both species is controlled by similar mechanism [205] .
Surprisingly, Kim et al. [95] and Unger et al. [205] found that known activators of GLAST/EAAT2 expression, such as dbcAMP, PACAP, EGF, and TGF-α, failed to further increase reporter gene activity in astrocytes transfected with the fulllength rat or human GLAST/EAAT2 promoter. However, using instead reporter constructs containing in addition to the human or rat full length promoter the 3′-untranslated region (3′-UTR) of the human GLAST/EAAT1 gene restored the stimulatory effect of dbcAMP, PACAP, EGF, and TGF-α on GLAST/EAAT1 expression and additionally revealed that the human 3′-UTR acts as a transcriptional repressor of constitutive GLAST/EAAT1 transcription. In contrast, the rat 3′-UTR further enhanced GLAST/EAAT1 expression and mediates only the stimulatory influence of cAMP, but not that of PACAP, EGF, and TGF-α [205] . Taken together, promoter studies of the glutamate transporter subtypes GLT1/EAAT2 and GLAST/EAAT1 revealed similarities in some transcriptional regulatory pathways, but at the same time, these studies stress species-specific differences between rodents and humans, which are especially pronounced in GLAST/EAAT1. β-Lactam antibiotics, such as ceftriaxone, were identified as potent modulators of glutamate transport through NF-κB-mediated EAAT2 promoter activation [113] and the ceftriaxone-mediated upregulation of EAAT2 seems to be neuroprotective in vitro when used in animal models of ischemic injury, motor neuron degeneration, and ALS [164] , emphasizing the potential importance of animal models in analyzing the molecular background of human disease pathways and potential therapeutics. However, animal models show often significant differences from human pathology not only because of species-specific transcriptional regulation mechanism as shown for glutamate transporters. Thus, most animal models are hampered by not adequately representing human pathophysiology. For example, the antibiotic minocycline, a second-generation tetracycline, actually decreased survival time of amyotrophic lateral sclerosis patients in a recent clinical study, but in mouse models, which even contained the human mutated SOD1 gene from patients, it improved longevity [65, 102] .
Comparing the promoter regions of human EAAT1 and EAAT2, and the neuronal EAAT3 genes, Ma et al. [118] found that the promoter region of EAAT3 but not the promoter regions of EAAT1 or EAAT2 contained a binding sequence for regulatory factor X1 (RFX1). Consistent with this finding, the transcription factor RFX1 enhanced the expression of EAAT3 but not that of the glial glutamate transporters indicating that the effects of RFX1 on EAAT3 are specific.
As shown by Escartin et al. [46] , the transcription factor nuclear factor erythroid 2-related factor 2 upregulates the expression of EAAT3 in neurons. EAAT3 is transcriptionally upregulated through the nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant responsive element (ARE) pathway, and the resultant increase in EAAT3 expression promotes neuronal glutathione (GSH) synthesis by the amplified uptake of cysteine via EAAT3. At the same time, activation of the Nrf2-ARE pathway by oxidative stress promotes astrocytic GSH release by increasing the expression of enzymes and transporters involved in GSH metabolism. These findings identify a trans-activating mechanism that couples astrocytic GSH release with neuronal GSH synthesis on transcriptional level.
In retinal Müller glial cells, a coupled transcriptional regulation of GLAST and glutamine synthetase, the key proteins of the so-called glutamate-glutamine cycle [78] , via glucocorticoid-mediated mechanisms, has been suggested, which are able to coordinate glutamate uptake and glutamate degradation to improve transmitter clearance and transmitter recycling in retinal tissue [153] .
Less is known about the transcriptional regulation of the glutamate transporter subtypes EAAT4 and EAAT5. At the moment, EAAT4 promoter studies are restricted to anatomical expression studies in vivo using EAAT4-eGFP BAC reporter transgenic mice, which indicate predominant expression of EAAT4 in neuronal cells with highest density of expression in cerebellar Purkinje cells [36, 60] .
Posttranscriptional regulation: alternative splicing While the main regulation of gene expression is considered to happen on the transcriptional level, with major roles for transcription factor recruitment at promoter elements, the functions of protein noncoding mRNA regions (UTRs) for gene expression were initially underestimated, but are now accepted to play similar important roles in the regulation of gene expression. UTRs of the vast majority of genes have been shown as important regulatory elements with a strong impact on the posttranscriptional regulation of gene expression. Together with the complex of different RNA-interacting factors, UTRs regulate mRNA stability, nuclear export to the cytoplasm, alternative splicing, subcellular localization, and translation efficiency to influence the total amount of synthesized protein (for review, see [32, 104, 123, 195] ). Small noncoding RNA (microRNAs or miRNAs) binding sites are mostly localized within the 3′-UTRs and are rarely identified in the mRNA coding sequence and the 5′-UTR and act by promoting the destabilization/degradation of mRNA and/or inhibition of translation on protein expression [6] .
The GLT1/EAAT2 coding region spans more than 100 kb, contains 11 exons, and encodes an unusually long transcript of 10-12 kb [5, 9, 42, 96, 98, 126, 143, 191, 207] . However, the actual protein coding sequence is only 1.7 kb [143] , suggesting the presence of a large untranslated region (UTR) of 9-10 kb in EAAT2 mRNA. Multiple GLT1/EAAT2 mRNA transcripts have been identified in vitro and in vivo, and these transcripts give rise to differential GLT1/EAAT2 splice variants [16, 125, 130, 138, 154, 192, 207] . In the 3′ coding region of the GLT1/EAAT2 gene, alternative exon usage can result in the generation of at least three distinct C termini and four potential distinct N termini by differential exon usage at the 5′ end of the gene ( Table 1) .
The first identified GLT1/EAAT2 variant from rat [143] , mouse [207] , and human [9] is classified by the N-terminal starting sequence MASTEG-and C-terminal sequence VTLAANGKSADCSVEEEPWKREK. Additionally, Utsunomiya-Tate et al. [207] identified in mouse two additional splice variants, termed mGLT1-A and mGLT1-B (Table 1), which are recognized by their short alternately spliced N-terminal sequence MVS and in the case of mGLT1-B the alternately spliced C-terminal VPFPFLDIETC sequence. Schmitt et al. [174] and Chen et al. [31] identified a hybrid GLT1 splice variant in rat, which possessed the C-terminal splicing of mGLT1-B, but retained the original GLT1 Nterminal sequence. Not yet known is if protein expression of the suggested GLT1 variants MPK-KREK, MPK-DIETC, or MKRP takes place in the CNS and what the functional differences of these GLT1 variants are. Peacey et al. [138] showed that some of the above mentioned N-and C-terminal splice variants of GLT1 form cell surface homomeric and heteromeric assemblies in heterologous expression systems, but these GLT1 splice variants did not differ functionally, regarding glutamate uptake or transport kinetics. Correspondingly, GLT1v (MASTEG-DIETC) exhibits kinetics indistinguishable of those of GLT1 (MASTEG-KREK), suggesting that alternate C-terminal splicing of GLT-1 does not have significant effects on its glutamate transport properties [154] . This result is also consistent with the work presented in [207] and in [31] and is also valid for another GLT1-splice variant called GLT1c which is predominantly expressed in rat and human retina in photoreceptor terminals [154] . Both Nterminal variants (MASTEG and MVS) of GLT1c are found in rat and mouse retina (Rauen, unpublished data). The carboxy terminal amino acid sequence of GLT1c-SWVsuggests a class-I PDZ binding motif which might tailor this GLT1 variant for its particular purpose of spatially clustering and anchoring within specific subcellular domains in neurons. Taken together, instead of showing different functional properties, different GLT1 splice variants are localized in distinct cellular and subcellular distribution patterns in the CNS [154] . Thus, heteromeric assembly of different GLT1 splice variants might be the exception of the rule because expression, as seen, e.g., for GLT1 and GLT1v, in one and the same cell showed that each of the splice variants of these transporters are either segregated in small membrane "rafts" or that each splice variant is targeted to distinct membrane domains [192] .
Epigenetics
Epigenetic mechanisms convert environmental conditions and physiological stresses into long-term changes in gene expression and translation [171] . Epigenetic changes are heritable and potentially reversible and do not alter the nucleotide sequence within the genome.
Little is known about the epigenetics of glutamate transporter transcription processing. However, knowledge of such mechanisms would be promising for better understanding of glutamate transporter related pathology and the development of new strategies for its treatment. Three main epigenetic mechanisms are discussed: (1) DNA methylation, (2) histone protein modifications (acetylation/deacetylation), and (3) the effects of microRNAs [171] . Interestingly, all these GLT1/EAAT2 mRNA transcripts have a uniquely long 3′-UTR (9.7 kb) [95] , implicating potential 3′-UTR-dependent regulation, especially through microRNA-mediated translational inhibition or mRNA degradation. miRNAs are endogenous ≈22 nucleotide noncoding RNAs that regulate the expression of complementary messenger RNA [229] .
Morel et al. [128] investigated miRNA-dependent regulation of GLT1 expression in vitro and in vivo using the miRNA miR-124a, which is completely conserved at the nucleotide level from worms to humans and is estimated to be the most abundant miRNA in the brain, accounting for 25-48 % of all brain miRNAs [106] . Surprisingly, miR-124a significantly and consistently increases GLT1 protein expression levels in cultured astrocytes and mice, although miRNA action is expected to promote the destabilization/degradation of mRNA and/or inhibit of mRNA translation and, thus, downregulation of GLT1 protein expression. The authors concluded that miR124a does not directly interact with GLT1 mRNA 3′-UTR and does not modulate its translation/degradation. However, Morel et al. [143] discovered a highly interesting mechanism of neuron-glia interaction, which is mediated by the exchange of exosomes. Exosomes are 40-to 100-nm membrane vesicles of endocytic origin secreted by most cell types and contain various active biomolecules, including mRNAs, proteins, lipids, and miRNAs. Exosomes can be secreted into the extracellular space and then fused to neighboring cells to release their contents, thus serving as a novel discovered intercellular regulatory mechanism. Such exosome-mediated intercellular transfer of miR-124a from neurons to astrocytes is able to regulate GLT1 expression in glial cells by neurons, an exciting intercellular miRNA signaling pathway.
GLT1/EAAT2-promoter DNA methylation inhibits GLT1/ EAAT2 expression [140, 231] . A striking feature of the GLT1/ EAAT2 promoter is the occurrence of numerous Sp1 sites and other GC-rich repeats [191] . Sequence inspection identified a classical CpG island at the most proximal part of the GLT1/ EAAT2 promoter. Although objective definitions for CpG islands are limited, the usual formal definition of a CpG island is a region with at least 200 bp, and a GC percentage that is >50 %, and with an observed-to-expected CpG ratio that is >60 % [172] . The state of CpG methylation regulates and stabilizes chromatin structure, perhaps regulating accessibility of the transcription machinery to regions of DNA. Thus, whereas methylated CpGs might prevent the recruitment of transcription factors important for either basal expression or activation of gene transcription, unmethylated CpGs in the vicinity of a gene allow that gene to be expressed. Interestingly, valproic acid (VPA, Valproate) clinically used as anticonvulsant and mood-stabilizing psychoactive drug in the treatment of epilepsy and bipolar disorders, exerted strong influence on chromatin remodeling events in astrocytes involving CpG demethylation and histone modifications targeting the GLT1/ EAAT2 gene. Distinct parts of the GLT-1 promoter were demethylated and enriched in acetylated histone H4 after VPA treatment, whereas the CpG island in proximity of the translational start site was completely unmethylated; concomitantly, the activity of the GLT1/EAAT2 gene was profoundly increased [141] . In line with this, Yang et al. [224] showed that hypermethylation on selective CpG sites of the GLT1 promoter is involved in repression of GLT1 promoter activation, but this regulation does not play a role in astroglial dysfunction of EAAT2 expression in patients with ALS.
Posttranslational Modifications: Rapid Membrane Trafficking
Synaptic transmission is fast (≈1 ms), even synaptic plasticity involving the alteration of the number of receptors and/or transporters located at a synapse is much faster (≈minutes) than transcriptional and translational processes synthesizing mRNA and finally protein (≈hours/days). Glutamate transporters are fast in removing their substrate from the synaptic cleft [71, 135] . However, impact on synaptic transmission of glutamate transporters does not only require rapid substrate turnover rates but also high density expression at synapses (for review, see [69] ). Actually, glutamate transporters are expressed at high densities of 15,000-20,000/μm 2 in the vicinity of glutamatergic synapses [35] . Thus, the large number of transporters present at the synapse may significantly and rapidly "buffer" glutamate that binds to and dissociates from the transporter binding sites multiple times before it is either translocated across the membrane or diffuses out of the synaptic cleft. Due to the rapid buffering of glutamate, excitatory amino acid transporters may shape the temporal profile of the synaptic glutamate concentration, keep the signal local, prevent spillover, such that low-affinity 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid (AMPA) receptors experience only a very short burst of high glutamate concentration, and high-affinity N -methyl-D-aspartic acid (NMDA) receptors are then activated by a prolonged low glutamate concentration within the synaptic cleft. In other words, the density of glutamate transporters in synaptic membranes and its regulation plays a crucial role in regulating synaptic transmission in the CNS. In fact, glutamate transporter plasma membrane expression appears to be as dynamic [58] as that of AMPA and NMDA receptors [169, 188] . A typical example for regulated plasma membrane expression among the different glutamate transporter subtypes is EAAC1/ EAAT3, and this process also called membrane trafficking has been extensively reviewed in [58, 63, 159, 179] . Cell surface trafficking of glutamate transporters is generally independent of protein synthesis, and is not only activated by kinases/phosphatases and scaffolding proteins but also regulated by a variety of other factors including, e.g., endothelin B, vasoactive intestinal peptide, pituitary adenylate cyclase-activating peptide, platelet-derived growth factor, thyroid hormone, and trophic factors that appear to affect trafficking to and from the plasma membrane to intracellular pools involving lipid rafts and caveolae; see for review [13] .
Poitry-Yamate et al. [145] showed that GLT1 and GLAST are clustered on astrocytic processes and that their distribution is regulated in the time scale of minutes by neuronal activity. GLT1 and GLAST function was activated by neurons, and this effect was mimicked by preincubation of astrocytes with micromolar concentrations of glutamate or by the synaptic release of glutamate from neurons. Thus, increase in transport activity is dependent on neuronal release of glutamate, is associated with the local redistribution (clustering) of GLT1 and GLAST, but is independent of transporter synthesis and of glutamate receptor activation. In line with this, blockage of neuronal activity reduces both the density and perisynaptic localization of GLT1 clusters in situ (organotypic hippocampal slice cultures), whereas conversely enhanced neuronal activity increases the size of GLT1 clusters and their proximity to synapses [15] . The underlying mechanisms may be dependent on GLT1 ubiquitation [64, 177] . GLT1 is constitutively endocytosed into the recycling endosome via a clathrindependent pathway, a process that is dependent on the ubiquitination of lysines located in the cytoplasmic C terminus (lysines 517 and 526) of the transporter [120] . This finding points to the involvement of cytoplasmic C-terminal domains in the trafficking processes of different glutamate transporter subtypes (see above GLT1/EAAT2 alternative splicing and [178] ). The return translocation of GLT1 from the recycling endosome to the plasma membrane was blocked by specifically inhibiting the deubiquitinating enzyme (DUB) ubiquitin C-terminal hydrolase-L1 (UCH-L1), supporting the existence of an ubiquitination/deubiquitination cycle that ensures the correct concentration of GLT1 at the cell surface [120] . Garcia-Tardon et al. [56] identified the ubiquitin ligase Nedd4-2 as a mediator of the GLT1 endocytosis that is triggered by protein kinase C (PKC) activation. PKC promotes the phosphorylation of Nedd4-2, its association with GLT-1, and the subsequent ubiquitination of the transporter that precedes its endocytosis.
Endocytosis and exocytosis of glutamate transporters have initially been thought to account alone for this cell surface trafficking process. However, membrane proteins also traffic through surface lateral diffusion in the plasma membrane. Proteoliposome reconstitution experiments have shown that cholesterol is required for Na Lipid rafts are lipid-protein microdomains of the plasma membrane that are enriched in cholesterol and glycosphingolipids [185] . These lipid raft microdomains have been implicated in regulating the trafficking and clustering of membrane-associated proteins as well as their intracellular signaling molecules. Lipid rafts are present on the surfaces of neurons as well as glial cells, and Butchbach et al. [27] suggest that membrane cholesterol is important for the function of glutamate transporters. However, EAAT1, EAAT3, and EAAT4 are less strongly associated with lipid raft-containing microdomains than EAAT2. GLT1/EAAT2 appears to be located in noncaveolar lipid rafts [232] . Gonzales et al. [62] , however, conclude that caveolin facilitates both the constitutive delivery and internalization of EAAC1/ EAAT3 and that caveolin interacts with EAAC1, suggesting that this interaction may participate in the regulation of EAAC1 trafficking by caveolin.
It has been reported that the organization of lipid rafts is disrupted in Alzheimer's disease brains because cholesterol-24S-Hydroxylase (CYP46), a key enzyme in maintenance of cholesterol homeostasis in the brain, is markedly increased in astrocytes but decreased in neurons [111] . Tian et al. [201] demonstrated that increased expression of CYP46 in primary astrocytes results in a reduction of membrane cholesterol levels and leads to the dissociation of EAAT2 from lipid rafts and the loss of EAAT2 including glutamate uptake function.
Cholesterol effects Apparently, glutamate transporters interact with cholesterol and forward glutamate transport appears to be promoted in the presence of cholesterol. As thermodynamic machines, however, these transporters can also run in reverse, releasing glutamate into the extracellular space (reviewed in [68] ). Because glutamate is excitotoxic, this transportermediated release is detrimental to the health of neurons and glial cells [68] . In stroke, cerebral hypoxia/ischemia, and traumatic brain injury, transporter-mediated glutamate homeostasis fails dramatically, instead of removing extracellular glutamate to protect neurons, transporters release glutamate, triggering neuronal death [83, 161] . Under these conditions, neuroprotection, by lowering the plasma membrane cholesterol content, is expected to reduce transporter-mediated glutamate release and, thus, might protect neurons and glial cells from excitotoxicity [101] . Nevertheless, regulating the brain cholesterol content might be a tightrope performance, fighting rapidly spreading excitotoxicity with slowly acting drugs lowering plasma membrane cholesterol, particularly regarding the fatal consequences of low cholesterol on glutamate uptake in healthy brain areas.
Involvement in disease
Considering the almost ubiquitous expression of glutamate transporters in the CNS as well as in peripheral tissue, it is not surprising that the EAAT gene family has been suggested to be involved in a wide range of diseases, such as alcohol dependence [148] , Alzheimer's disease (AD) [40, 155] , ALS [162] , autism [215] , depression [107] , diabetes [85] , epilepsy [33, 196] , HIV-1-induced excitotoxicity [146] , Huntington's disease [47] , ischemia [68, 94, 147] , manganism [112] , multiple sclerosis [10] , neuropathic pain [119] , obesity [208] , obsessive compulsive disorder [7] , Parkinson's disease [122, 144] , schizophrenia [92, 93] , Tourette syndrome [2] , and West Nile virus infection [19] . A remarkably long list of potential glutamate transporter related disorders, but by far not complete. However, the question of cause and effect is still open, asking whether these diseases are caused by glutamate transporter dysfunction or rather the disease alters the expression and function of glutamate transporters.
In the case of Slc1a3, encoding the glial glutamate transporter GLAST/EAAT1, a point mutation of this glutamate transporter gene appears to be the genetic basis of episodic ataxia, hemiplegia and seizures [87] . Episodic ataxia is a disorder characterized by sporadic attacks of severe uncoordination and imbalance. There are six, possibly seven, types recognized and ataxia can be provoked by stress, startle, or heavy exertion such as exercise. Whereas episodic ataxia types 1, 2, and 5 are caused by mutations in genes encoding voltage-gated cation channels, the genetic basis of episodic ataxia types 3 and 4 has not been defined [86] . The rare episodic ataxia type 6 (EA6) differs clinically from other episodic ataxia forms in long duration of attacks (hours-days), epilepsy and the absent myokymia, nystagmus, and tinnitus [86] . EA6 was identified in a single child through a candidate gene approach identifying a de novo mutation in the Slc1a3 gene predicting a substitution of proline by arginine (P290R) in the fifth transmembrane domain of GLAST/EAAT1 [87] . The missense mutation P290R decreased the cell surface expression of GLAST/EAAT1 and consequently reduces the cellular glutamate uptake capacity. When coexpressed, the mutant EAAT1-P290R decreased the activity of wild-type GLAST/EAAT1 but not that of GLT1/EAAT2 or EAAC3/ EAAT3, suggesting that EAAT1-P290R specifically multimerizes with wild-type GLAST/EAAT1 to exert its dominant negative effect. Jen et al. [87] concluded that a heterozygous mutation in GLAST/EAAT1 can lead to decreased glutamate uptake, which can contribute to neuronal hyperexcitability to cause seizures, hemiplegia, and episodic ataxia.
However, the clinical phenotype of this particular patient with episodic ataxia type 6 differs from the neurological symptoms observed in animal models lacking GLAST/ EAAT1 [217] , suggesting that P290R might not only reduce the glutamate transport but also affect other functions of GLAST/EAAT1 [223] . Indeed, Winter et al. [223] reported that the EAAT1 mutation P290R not only decreases glutamate transport rates and surface expression but also increases EAAT1-associated anion currents as a novel pathomechanism associated with episodic ataxia 6.
Animal models lacking certain glutamate transporter subtypes usually do not provide clear-cut correlations between the missing transporter and disorders. Instead, glutamate transporter knockout models do not even show robust phenotypes and are difficult to interpret regarding glutamate transporter pathophysiology as long as stress situations (e.g., ischemic conditions, drug-induced seizures etc.) are omitted [76, 91, 92, 115, 139, 170, 204, 216, 217] . The mild phenotype of single glutamate transporter subtype knockouts might be interpreted as an adaptive process (e.g., upregulation of other glutamate transporting proteins) and might propose a robust fail-save backup system to prevent glutamate excitotoxicity. The nature of the molecular mechanisms underlying glutamate transporter related disorders are possibly better represented by inducible knockout models, which exclude developmental adaption and, thus, allow the real-time detection of the effect of the disturbance without masking it by compensatory processes. However, the question of cause and effect remains valid and still has to be kept in mind.
Function under physiological and pathophysiological conditions
Glutamate transporters contribute to many physiological processes in the kidney [11] , the intestine [90] , the heart [105] , and the brain (reviewed in [35] ). In the brain, glutamate transporters contribute to the termination of excitatory synaptic neurotransmission and regulation of the GABA supply of neurons, as well as the glutamate-glutamine cycle [24] . The glial glutamate transporter subtypes GLT1/EAAT2 and GLAST/EAAT1 are thought to be responsible for the majority of the uptake under physiological conditions [35, 79] , since they are expressed at high levels (up to 10,000/μm 2 for GLT1 [35] ). In addition, astrocytes are more resistant to depolarization than neurons, thus allowing glutamate transporters to work at the maximum possible rate. Because turnover of the transporters is relatively slow, it was hypothesized that glutamate transporters can buffer glutamate on a fast timescale, before actual translocation across the membrane takes place [38] . This buffering effect is compatible with the kinetic properties of the transporters, which bind glutamate with an almost diffusion-controlled rate constant [71, 127] . Considering the intrinsic affinity of the transporters for glutamate in comparison to those of AMPA and NMDA receptors, the buffering effect would allow the transporters to set glutamate concentrations for rapid deactivation of AMPA receptors, while allowing prolonged activation of NMDA receptors [69] . Thus, the kinetic parameters of glutamate binding/ translocation by the EAATs may be intimately linked to the spatiotemporal profile of glutamate receptor activation.
In terms of glutamate transporter function under pathophysiological conditions, it is rather well established that glutamate reverse transport is at least partially responsible for the rise of extracellular glutamate concentration [83, 161] , when membrane depolarization occurs and extracellular [K + ] increases. Relatively quickly following hypoxia, neurons start to depolarize and extracellular K + levels begin to rise [103] . Assuming a relatively moderate depolarization from −80 to −40 mV (in the presence of initially normal (physiological) Na + and K + concentration gradients across the membrane), the steady-state release rate of glutamate (1.2 molecules/ transporter/s) is predicted to increase 20-fold at short times after the depolarization, as can be predicted from simulations of reverse transport based on established kinetic parameters [68] . This release will be significantly increased as extracel- ] o rises to 100 mM and depolarization is virtually complete [103] . Together with Na + influx into neurons, the extracellular glutamate concentration is expected to increase significantly, considering that the glutamate concentration in neurons is in the range of 5 mM and that the driving force for glutamate uptake is almost completely lost.
Glutamate transporter pharmacology
Glutamate transporters are specific for acidic amino acids, which are glutamate and aspartate, as the natural substrates. Some of the most important transportable substrates and competitive and noncompetitive inhibitors are illustrated in Fig. 4 . Whereas aspartate is transported in both the L -and the Dform, only the L -form is transported for glutamate [89, 150] . Cysteine is also a transported substrate of glutamate transporters [228] , but it is not clear whether cysteine is transported in its neutral, protonated form, or as the anion [70] . Current inhibitors for glutamate transporters can be divided into two classes: competitive inhibitors that bind to the amino acid substrate binding site, and nonsubstrate inhibitors, which are thought to interact with an allosteric site that is independent of the substrate site. Initial studies focused on the first class of compounds, which were mainly glutamate and aspartate analogues. Glutamate and aspartate have been modified at the side-chain carboxylate position, as well as using substituents on the side chain. For example, oxidation products of cysteine, such as cysteic acid and cysteine sulfinic acid are transported substrates [222] , as is the serine derivative serine-O -sulfate [209] . Direct glutamate analogues include Lglutamate-ω-hydroxamate [157] .
Conformationally restricted substrate analogues were tested, which included cyclic molecules, such as L -trans-2,5-pyrrolidinedicarboxylic acid (PDC [150] ), as well as kainate, which shows preference for EAAT2 [9] . These molecules belong to the general class of pyrrolidine dicarboxylates, for which a number of compounds with more complex substitution patterns have been characterized, including the bicyclic methanopyrrolidine dicarboxylates (MPDC derivatives [23] ). While kainate is a blocker, PDC is a transportable inhibitor, blocking glutamate transport by being transported in itself across the membrane. Transportable inhibitors can be differentiated from nontransportable blockers by their ability to induce glutamate release from cells through an exchange mechanism.
Competitive blockers A breakthrough in our understanding of glutamate transporter pharmacology came with the development of a hydroxyaspartate (THA [44] ) analogue with a bulky substituent attached to the hydroxy group. The resulting DL -threo-β-benzyloxyaspartic acid (TBOA) was found to be a potent, although subtype unspecific, competitive inhibitor with a low micromolar affinity [180] . In contrast, THA is a transportable substrate. This led to the conclusion that hydrophobic bulk is important for blocker-type behavior, as well as for high affinity interaction. The Shimamoto group later extended the library of TBOA-like compounds by modifying the hydrophobic substituent, resulting in the potent inhibitor (3S )-
]methoxy]-L -aspartic acid (TFB-TBOA), which inhibits EAATs with a 20-300 nM affinity (depending on the subtype and the assay used), an about 100-fold improvement in affinity over TBOA [181] .
Another class of competitive, nontransportable, inhibitors is based on aromatic amide derivatives of asparagine, as well as di-amino propionic acid analogues [41, 66] . These compounds have the interesting property of lacking a negative charge on the side chain. Despite the lack of electrostatic interaction with the positively charged arginine side chain in the binding site, some of the compounds bind with very high affinity (for example K i =35 nM for the fluorene derivative WAY-213613 [41] ). These results indicate that a distal hydrophobic pocket exists, necessitating extension of the pharmacophore predicted on the basis of previous aspartate and glutamate analogues.
Oxazole-and oxazoline-based ring systems in the side chain have been applied to increase rigidity of the system [29] . Some of the compounds with the carboxy group directly attached to the ring system demonstrate substrate-like behavior, but fail to interact with ionotropic glutamate receptorsan advantage to other known substrates. A set of other compounds, in which both carboxylates are attached to the ring and which do not possess an amino group, were found to be nontransportable blockers. This finding suggests that interaction of the transporter binding site with a positively charged amino function is not required for high affinity binding [29, 30] .
Noncompetitive inhibitors
Inhibitors that interact with the glutamate transporter at a site different than the substrate binding site have recently been developed. Interestingly, glutamate-like bicyclic compounds, such as the hydroxyisoxazolines HIP-A and HIP-B [53] , were found to inhibit glutamate uptake with a K i that is independent of the glutamate concentration, suggesting a lack of competition with substrate binding [28] . Furthermore, HIP-B was unable to displace the competitive inhibitor TBOA from its EAAC1 binding site, and inhibition was not affected by a mutation to the substrate binding site that eliminates glutamate, as well as TBOA binding. Together, these results suggest that HIP-B binds at an allosteric binding site [28] .
Another example of compounds displaying noncompetitive inhibition kinetics are coumarine analogues that have been identified in a screen from a library of 3,040 drug-like compounds. UCPH-101, which is the compound with the highest apparent affinity, not only inhibits through binding at a hydrophobic pocket at the subunit interface, but this pocket is also subtype specific [45] . This allows the inhibitor to be specific for EAAT1, while displaying virtually no interaction with the subtypes EAAT2 and 3 [45, 82] . This was an important development, since up to this study, compounds with moderate specificity existed only for EAATs 2 and 3. Recently, site directed mutagenesis allowed the identification of a putative binding site for this noncompetitive inhibitor. Interestingly, this site is proposed to be located in the trimerization domain as a hydrophobic pocket [1] .
Activators
An important goal has been the identification of smallmolecule compounds that can upregulate glutamate transporter function. Such molecules should be neuroprotective, since several neurological diseases involving glutamatergic dysfunction are associated with loss of glutamate transport. Several compounds have been developed that increase glutamate transporter function, mainly by indirectly increasing expression levels. β-Lactam antibiotics, such as Ceftriaxone, for example, enhance glutamate uptake by EAAT2 2-5-fold through a transcriptional mechanism ( [164] , see section on regulation). In addition, a spider toxin, parawixin, was isolated that increases transporter turnover by possibly increasing the rate of relocation of the K + -bound transporter [51, 52] . Continuing development of activators represents an important goal, due to the potential neuroprotective effects of such compounds, which could speed the removal of the excitotoxin glutamate from the extracellular space in the brain.
Future perspectives
Our knowledge of the structure and function of plasma membrane glutamate transporters continues to increase not only due to the recent advancements in structural and computational biology but also due to the large number of regulatory pathways that have been identified to control transporter expression levels. In addition, much advancement in the development of pharmacological tools have contributed, in particular the recent discoveries of noncompetitive inhibitors, that potentially open new avenues for the modulation of transporter function, through the targeting of sites other than the glutamate binding site.
From the perspective of molecular mechanism, integration between the large number of functional data and the structural picture is underway. However, this effort is somewhat compromised by the lack of crystal structures of the mammalian transporters, as well as the lack of functional data on the archeal homologue, GltPh. This is of particular relevance because GltPh is insensitive to K + and H + , thus differing in mechanism from the mammalian glutamate transporters. In addition, only few of the many states implicated in the whole transport cycle have been structurally identified. For example, the structure of the apo state has only been implicated from MD simulations, but no direct structural information is available. Finally, available crystal structures, most importantly those of intermediates, need to be further verified using biophysical/biochemical methods. For these reasons, functional biophysical studies continue to play important roles in the elucidation of transport mechanism.
Our understanding of processes involved in the regulation of transporter expression levels has been bolstered by recent advances in the identification of transcription regulation (discovery of promoter sequences), as well as trafficking and cell surface targeting. Establishing regulatory pathways that can be targeted to increase glutamate transporter expression in the plasma membrane, as well as pharmacological tools to directly upregulate transporter turnover, may be useful for increasing glutamate uptake in vivo, a desirable intervention under conditions in which glutamate uptake is impaired. These advancements may lead to novel therapeutic strategies that directly target glutamate transporters in a variety of nervous system disorders. 
